INTRODUCTION
Exposure to diagnostic radiography in utero has been associated with increased risk of childhood cancer, particularly leukaemia.
1-3 Although diagnostic radiography and other radiological imaging procedures to the abdomen and pelvis of pregnant women are uncommon, potential adverse effects of exposure to radiation in early life remain a concern with the growing use of computed tomography scans and other recent types of higher dose imaging procedures. 4 This is particularly the case in children, as younger age has generally been associated with higher susceptibility to the adverse effects of radiation. 5 Initial findings from the Oxford Survey of Childhood Cancers, the first and largest study of in utero exposure to diagnostic radiography and risk of childhood cancer, indicated an approximately twofold risk of death from leukaemia, and from all other cancers combined, in children whose mothers had been exposed to abdominal radiography during pregnancy. 6 For the calendar period 1953-81, the overall excess risk of childhood cancer associated with maternal exposure to abdominal radiography during pregnancy in the Oxford survey was approximately 40% (odds ratio 1.39, 95% confidence interval 1.30 to 1.49). 7 A meta-analysis of all pertinent studies of childhood cancer and leukaemia excluding the Oxford survey yielded very similar results (odds ratio 1.32, 1.19 to 1.46). 2 Relatively few studies have examined postnatal exposure to radiation in early life and risk of childhood cancer, particularly with respect to the early infancy period.
One of the key concerns about the existing data on exposure to diagnostic radiation in early life is that results from most of the studies are based on data from interviews, allowing for the distinct possibility of misclassification, recall bias, or both as regards exposure. This may be a greater problem for epidemiological studies of postnatal radiographic examinations, for which parents may not have been present.
In this analysis, we used data from the United Kingdom Childhood Cancer Study (UKCCS), a large casecontrol study of childhood cancer, to examine the risk of all childhood cancer and major subtypes of paediatric cancer after exposure to diagnostic radiation in utero and in early infancy (0-100 days). In addition, we examined the risks of childhood cancer associated with exposure to ultrasound scans in utero and in early infancy, which have generally not been associated with increased risk of childhood cancer in offspring of mothers who had ultrasound scans of the fetus during pregnancy. [8] [9] [10] The availability of data abstracted from medical records, the large sample size, the relatively recent time period (children born 1976-96), and the ability to examine the early infancy time window make the UKCCS a particularly apt setting in which to study these hypotheses.
METHODS

Overall study design and specific aims
The United Kingdom Childhood Cancer Study (UKCCS) is a large multicentre study of childhood cancer, with data accrued from England, Scotland, and Wales. Study methods have been described in detail elsewhere. 11 12 Briefly, all children aged 14 years or younger in England, Wales, and Scotland were potentially eligible for the study. Cases were children diagnosed between 1992 and 1996 (year of birth 1976 to 1996) as having a confirmed malignancy or having any tumour of the central nervous system. Detailed diagnostic information for cases came from the Medical Research Council's treatment trials for enrolled leukaemia cases and from one of the following sources for other malignancies: the UKCCS Group, a histopathology review database created for the study, or the individual consultant treating the child. For each cancer case, two controls were selected from the same population register as the case and matched on sex and date of birth (within one month). Most controls came from registers maintained by family health services authorities. Controls for cases from South Wales and one English authority came from general practitioners' registers.
The figure shows details of participation; 4429 case families and 11 977 control families were eligible, and 3834 case families and 7619 control families were interviewed. Two eligible participating controls were targeted for each case. If one eligible control refused interview, another eligible control was chosen until two controls participated. Information collected from parents or guardians of participating children included social, occupational, and medical histories of children and parents, as well as a detailed evaluation of exposure to both non-ionising radiation (extremely low frequency electromagnetic fields) and ionising radiation. Eighty-seven per cent of eligible case families were interviewed, compared with 64% of eligible control families. Differences in the level of participation in interviews by case and control status were mainly due to differences in maternal refusal rates.
At the time of interview, parents were asked for permission for researchers to access medical records for the parents and their child. We targeted mothers of 3133 cases and 6236 controls for abstraction of obstetric notes in this study (we did not target people resident in Scotland, Avon, Dorset, Somerset, or the Isle of Wight at the time of diagnosis). For each case, we obtained records for at least one individually matched, randomly selected control. Virtually all mothers agreed to allow access to their obstetric records, but some of the records had been lost or mislaid, leading to a slight reduction in the number available for analysis. Where available, we abstracted maternal obstetric records and early infancy records by using a standardised, validated form designed to be applicable across hospitals and calendar time periods. Data abstracted for 2690 case mothers (86% of targeted) and 4858 control mothers (78% of targeted) form the basis of the analyses reported here.
Information collected for in utero radiography included number of radiographs, as well as individual information on date, gestational age, and type/location 
Statistical analyses
To ensure uniformity of data, we restricted this analysis to data abstracted from medical records. We used the software packages SAS v9.2 and Stata/SE 11.0 to analyse data. We used conditional logistic regression to calculate odds ratios and 95% confidence intervals to examine associations of paediatric cancer with exposure to diagnostic radiation in utero and in early infancy. The main exposure variables of interest were any exposure to diagnostic radiography in utero or in early infancy. In addition, we examined exposure to ultrasound scans in utero and in early infancy with respect to childhood cancer. All analyses were conditioned on the study matching factors of sex, age (±1 month), and study centre. We considered the following variables as potential confounders on the basis of possible association with childhood cancer or radiation: maternal age, smoking, socioeconomic status, pregnancy order, pre-eclampsia, anaemia, multiple pregnancy, child's birth weight, and admittance to the neonatal intensive care unit (table 1) . After consideration of all potential confounders, we conditioned the final models on study matching factors (age, sex, study region) and adjusted them for maternal age and child's birth weight, on the basis of evidence of confounding. Models for exposure to x rays and ultrasound were mutually adjusted, as were models for exposures in utero and in early infancy. Because of the strong association between trisomy 21 (Down's syndrome) and leukaemia in the literature, and strong confounding by trisomy 21 in our dataset, we excluded 34 children with this syndrome from all analyses. We retained participants with missing data in the model as a separate category. Additional analyses for in utero associations included restriction of exposure to in utero radiography to the abdominal region only and examination of risk by trimester of exposure and decade of exposure. For exposure in early infancy, we examined associations with exposure time lags of zero, one, and two years to check for possible biases introduced by diagnostic examinations motivated by symptoms 
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representing early manifestations of childhood cancer. We did not exclude participants with lags from analysis; rather we did not consider radiographs or scans that occurred within the lag period. For a one year lag, for instance, we did not count radiographs/scans that occurred within the 12 month period before diagnosis, so that if a participant had one radiograph six months before diagnosis, he or she would be "exposed" for the ever/never radiography variable and "unexposed" for the ever/never radiography with a one year lag variable. Participants who received a diagnosis at an age younger than the lag period had no childhood radiographs or scans assigned. Additionally, we analysed all models stratified by age of diagnosis of cancer (<5 years v 5-14 years). Finally, we ran models that excluded neonates who stayed in the hospital for longer than 28 days. Table 1 summarises the demographic characteristics of cases and controls. Most cases of cancer were diagnosed between the ages of 1 and 5 years, with a slight predominance of boys (n=1195; 44.4%). Cases and controls were similar in terms of birth weight, although leukaemia cases were slightly heavier. The number of multiple births was similar for cases and controls, whereas cases were more likely to have trisomy 21 (excluded from analysis) and case mothers were more likely to have had maternal pre-eclampsia than were mothers of controls. Mothers of controls from more deprived areas were less likely to participate and were slightly, non-significantly, older than case mothers.
RESULTS
In this study population, 305 children received 319 radiographic and related examinations in utero and 170 children received 247 diagnostic radiographic examinations in early infancy. The most common in utero examination was pelvimetry (n=204; 64% of all radiographic examinations), and the most common examination in early infancy was chest radiography (n=177; 72% of examinations) (table 2). In utero diagnostic radiographic examinations were much less frequent than ultrasound scans in controls (185/4854 or 3.8% v 4234/4854 or 87%). Of the participants who received in utero radiography, only 14 (5%) had two radiographs, whereas 41 (24%) of the infants who received postnatal radiography had more than one examination: 24 (14%) had two examinations, and 6 (4%) had more than three radiographic examinations. A total of 13 723 ultrasound scans in utero and 138 in early infancy were done; in utero ultrasound scans were mainly done as routine examinations to confirm pregnancy or to check fetal growth. Ultrasound examinations of the brain were the most common type of ultrasound examination in the early infancy period (n=42; 30%).
We found some indication of a slightly elevated risk for all cancers after in utero exposure to x rays (odds ratio 1.l4, 95% confidence interval 0.90 to 1.45), but this was not statistically significant. Although numbers were small, this association was most apparent for leukaemia (odds ratio 1.36, 0.91 to 2.02), particularly acute myeloid leukaemia (2.44, 0.95 to 6.33) (table 3) . Results were similar after we added pregnancy order to the models; the association seemed slightly stronger for acute myeloid leukaemia (odds ratio 2.73, 1.04 to 7.13). Restriction to pelvimetry and other in utero radiography of the abdominal region produced similar, although somewhat attenuated, results (odds ratio Exposure to diagnostic radiography in early infancy was associated with a slight indication of elevated risk for all childhood cancers (odds ratio 1.16, 0.83 to 1.62) and leukaemia (1.39, 0.87 to 2.23), particularly acute myeloid leukaemia (1.63, 0.42 to 6.35) with no exposure lag, but these associations were not statistically significant (table 5) . Although based on only seven exposed cases, the strongest signal was for lymphoma (odds ratio 5.14, 1.27 to 20.78). Most (4/7) of these babies were premature, had multiple chest radiography examinations, and were diagnosed as having lymphoma after the age of 10 years. Results for risk of cancer associated with exposure to diagnostic radiography for models with zero, one, and two year lags for exposure were similar.
Although we found a suggestion of increased risk of childhood cancer after exposure to ultrasound scans in early infancy, this association was attenuated and no longer statistically significant when we introduced a two year lag for exposure to scans (table 5) . We found no relation between exposure to ultrasound scans in early infancy and risk of leukaemia (odds ratio 0.95, 0.49 to 1.86) or lymphoma. Restriction of models to neonates who stayed in the hospital for 28 days or less did not materially alter results for in utero radiographic or ultrasound examinations. Numbers were too small for us to be able to assess the relation between radiographs in neonates (0-28 days) and lymphoma.
DISCUSSION
Our study indicated a slight, non-statistically significant increase in risk after in utero exposure to x rays for all cancers (odds ratio 1.l4, 95% confidence interval 0.90 to 1.45) and leukaemia (1.36, 0.91 to 2.02), particularly acute myeloid leukaemia. Exposure to diagnostic radiography in early infancy was associated with small, non-significant excess risks for all cancers and leukaemia, as well as increased risk of lymphoma (odds ratio 5.14, 1.27 to 20.78) on the basis of small numbers. We found no evidence of increased risk of childhood cancer with in utero exposure to ultrasound scans.
Relevance of study
The question of the risk of cancer associated with diagnostic radiography or other imaging procedures involving ionising radiation in utero or in childhood is particularly relevant at the moment given the growing use of diagnostic examinations, especially computed tomography scans, in children. 13 Although several studies have indicated that in utero exposure to radiation from diagnostic radiography is associated with increased risk of childhood cancer, the association between postnatal diagnostic imaging scans and risk of childhood cancer remains unclear.
1-3 Most previous studies, including the largest case-control study of childhood cancer to date (the Oxford Survey of Childhood Cancers), have used interview based data to infer exposure to radiological procedures.
Comparison with previous studies Using data abstracted from medical records, we found that in utero exposure to diagnostic radiation was associated with a statistically non-significant increase in overall childhood cancer (odds ratio 1.14, 95% confidence interval 0.90 to 1.45) in children born in 1976-96 in the United Kingdom. These estimates are consistent with results for maternal abdominal exposures and childhood cancer from the Oxford Survey of Childhood Cancers (odds ratio 1.39, 1.30 to 1.49) in children born between 1943 and 1967, 7 as well results from a medical record based study in the eastern United States in children born in 1947 to 1960 (unadjusted relative risk 1.47, 1.22 to 1.77).
14 The lower magnitude of risk observed in our study would be expected on the basis of the decrease in risk by decade seen in the Oxford survey, which the authors ascribed to lower doses per image and fewer images per patient. 7 We also saw a decline in risk by decade of exposure in our study. The prevalence of radiography in controls in our study in the 1980s and 1990s was 3.8%, compared with 10-15% in the Oxford survey in the 1950s to 1970s. 15 A large interview based US case-control study of diagnostic radiography and leukaemia also noted a declining proportion of mothers having pelvimetry during pregnancy with later calendar periods (10.2%, 2.4%, and 1.3% of cases and 6.0%, 2.3%, and 1.8% of controls born in 1980 or earlier, 1981-6, or after 1986). 10 Consistent with the notion of declining number of images per patient over time, only 5% of participants were exposed to more than one radiographic film in our study, as opposed to approximately 57% of those in the earlier calendar period of the Oxford survey. 16 Our estimate of the excess risk associated with in utero diagnostic radiation for leukaemia specifically (odds ratio 1.36, 0.91 to 2.02) is similar to estimates reported by the Oxford survey (1.49, 1.33 to 1.67), 16 a subsequent meta-analysis of childhood studies and leukaemia excluding data from the Oxford survey (1.32, 1.19 to 1.46), 2 and a study of medical record data from the northeastern United States (unadjusted odds ratio 1.48, 1.18 to 1.85). 2 14 In an earlier analysis of perinatal and reproductive factors and risk of haematological malignancies in the UK Childhood Cancer Study using all controls for comparison, the risk of leukaemia was found to be 1.1 (0.8 to 1.5) with any in utero exposure to radiography. 12 One of the main reasons for controversy about the association between in utero exposure to diagnostic radiography and risk of childhood cancer has been the lack of specificity of an association by cancer type in the Oxford survey. 7 Although our numbers are small for estimates of specific cancer subtypes, our results indicate some degree of specificity of the association of in utero exposure to x rays with risk of leukaemia, particularly acute myeloid leukaemia. This is consistent with previous literature reporting that acute myeloid leukaemia is the subtype of leukaemia most strongly associated with radiation in populations including atomic bomb survivors and radiation workers. 17 18 Although our results for exposure to diagnostic radiation in early infancy and risk of overall childhood cancer were not statistically significant, we found some suggestion of increased risk of leukaemia (odds ratio 1.35, 0.81 to 2.27), particularly of acute myeloid leukaemia, with exposure to x rays in early infancy. Results of the Oxford Survey of Childhood Cancer did not indicate *Participants with trisomy 21 and one participant with radiotherapy excluded from analysis. Results not shown for categories with fewer than five exposed cases. †Adjusted for sex of child, age at diagnosis, UKCCS study region, maternal age, birth weight, and in utero exposure to ultrasound scans, early infancy radiation, and early infancy ultrasound scans.
a statistically significant increased risk of childhood cancer with postnatal exposure (odds ratio 1.09, 0.83 to 1.43). 2 19 Most studies of all childhood cancer or leukaemia done after the Oxford survey have also reported small, non-statistically significant increases in risk. 1 The Oxford survey and most other studies of postnatal irradiation and risk of childhood cancer have been based on interview data, which could result in considerable misclassification. This is likely to be more of a problem for radiation in early infancy than for in utero radiation, for which mothers would necessarily have been present at the time of radiation. For radiation in early infancy, mothers are unlikely to have been present for examinations done in the neonatal or intensive care unit. One early study using information from medical records when doses of radiation were likely to be higher found an increased risk of leukaemia with postnatal exposure to more than one site (odds ratio 2.3; P=0.001). 20 We found an unexpected statistically significant increase in risk of lymphoma (odds ratio 5.14, 1.27 to 20.78) with exposure to diagnostic radiation in early infancy. Although most previous studies of postnatal diagnostic radiation in children have not specifically reported on risk of lymphoma, a previous interview based study in China reported a non-statistically significant increase in risk for this cancer (odds ratio 1.3, 0.6 to 2.7). 21 The same study reported that for prenatal exposure to diagnostic radiation, the relation seemed to be stronger for lymphoma than for leukaemia. Evidence that low level radiation may be associated with lymphoma includes a small increase in risk of lymphoma reported in a study of offspring of US radiology technologists exposed to an estimated in utero dose of >0 mGy to 0.17 mGy of radiation during pregnancy (hazard ratio 2.3, 1.1 to 4.9), 22 increased mortality due to lymphoma observed in male radiologists in the UK (standardised mortality ratio 3.08; P<0.001), 23 and an increase in lymphoma in male (but not female) atomic bomb survivors (excess absolute risk 0.6 cases per 10 4 person year Sv). 24 However, other studies, including studies of nuclear workers and patients treated with radiotherapy for benign disease, 18 25 have not found excess risk of lymphoma with exposure to radiation. A recent scientific review concluded that evidence for an association between external exposure to radiation and non-Hodgkin's lymphoma was mixed and that limited data indicated no evidence of an association with Hodgkin's disease. 26 Given that several of the children who were diagnosed as having lymphoma in our study were born prematurely (n=4) or had low birth weight (n=3), these children may have been predisposed to lymphoma for some reason other than exposure to diagnostic radiography. 
*Participants with trisomy 21 and one participant with radiotherapy excluded from analysis. Results not shown for categories with fewer than five exposed cases. †Adjusted for sex of child, age at diagnosis, UKCCS study region, maternal age, birth weight, and in utero exposure to radiation and ultrasound scans; early infancy diagnostic radiation and ultrasound scans each adjusted for other.
Strengths and limitations of study Strengths of our study include the large number of cases, the use of medical records to assess exposure to diagnostic radiography, and the availability of detailed information on other exposures to assess possible confounding. Unlike most previous studies, we were able to determine exposure to radiography in early infancy from medical records, which is likely to have resulted in increased accuracy of assessment of exposure. Although mothers of controls from more deprived areas were less likely to participate and mothers of case children seemed to be slightly younger than mothers of controls, these factors are unlikely to have affected whether radiographs/scans were used in pregnancy or early life, given that treatment would have been provided at no charge by the National Health Service. Despite the large number of cases of childhood cancer, our study is limited by low power to detect a small increase in risk because of the low prevalence of exposure to diagnostic radiation, as well as probable decreases in doses of radiation over time. Given the small numbers, separating the effects of time since exposure and decade of exposure in our analysis is difficult, so that lower risks for more recent time periods could be due to either lower doses or lower risks with time since exposure. Finally, we cannot rule out the possibility that the increased risk of lymphoma in children exposed to radiography in early infancy may be due to some factor related to disease.
Conclusions and policy implications
Despite the above limitations, our results are entirely consistent with previous studies reporting that in utero exposure to x rays is associated with increased risk of childhood cancer. Although mainly not statistically significant, the magnitude of most of the odds ratios for specific childhood cancer sites after in utero exposure exceeded 1.0, indicating a consistent picture of a modestly elevated risk. Our finding that diagnostic radiography in early infancy may be associated with a modestly increased risk of lymphoma needs confirmation. The fact that, similar to previous studies, [8] [9] [10] we did not see an association between exposure to ultrasound scans and risk of childhood cancer argues against a systematic bias in our results.
Our results are particularly relevant in the face of growing use of diagnostic radiation characterised by higher doses (such as computed tomography scans) in children. Reported doses for fetal exposure from maternal irradiation vary widely depending on the calendar period, type of examination, level of exposure to radiation of the mother, and anatomical site of irradiation. Estimates range from <0.01 mGy to 89 mGy; the fetal dose from radiography to the abdomen or pelvis was thought to be in the order of 10 mGy in the Oxford survey and has been estimated to be 1.3 mGy to 3.4 mGy in more recent years.
1 15 Radiation doses received by neonates also vary by age at diagnostic procedure and other parameters, but the entrance surface dose for chest radiography has been estimated to be approximately 0.06 mGy to 0.08 mGy for 0-1 year olds. These doses are less than those thought to occur from computed tomography scans at the same age (2.3 mSv to 11.4 mSv, depending on age and body location).
1 Our results, which indicate possible risks of cancer from radiation at doses lower than those associated with computed tomography scans, suggest a need for cautious use of diagnostic radiation imaging procedures to the abdomen/pelvis of the mother during pregnancy and in children at very young ages.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Studies in earlier calendar time periods have reported that in utero exposure to radiation from diagnostic radiography is associated with increased risk of childhood cancer
The association between postnatal radiographs and risk of childhood cancer has been unclear, and ultrasound scans have not been associated with risk of childhood cancer
Most published studies on prenatal and postnatal radiography used data from interviews with parents
WHAT THIS STUDY ADDS
Data from medical records showed no excess risk of childhood cancer with in utero exposure to ultrasound scans and statistically non-significant increases in risk of all childhood cancers and leukaemia with in utero exposure to x rays Exposure to diagnostic radiography in early infancy (0-100 days) was associated with a small increase in risk of all childhood cancer and leukaemia and a statistically significant increase in lymphoma
Caution is needed in the use of diagnostic radiation imaging procedures to the abdomen/ pelvis of the mother during pregnancy and in children at very young ages
